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ENERGY OPTIMIZATION IN DOD FACILITIES

Fred Roaoh
Los Alamos National Laboratory

Los Alamos, New Mexioo

Christina Kirschner and Richard Salmon
University of New 14exiee

Albuquerque, New Mexiao

ABSTRACT

A statio linear programming formulation (management tool) of
energy optimization problems on military bases has been developed to
asaiat each of the ❑ilitary services in their planning &otivitiea ●nd
budgetary allocation deolaiona. Several objective flmctions have been
defined, resulting in two types of ❑odel capabilities: minimization of
capital ooats (investments) subjeat to ● number of energy ●nd dollar
constraints and the maximization of energy savings subjeot to oapital
and operating fund budget reatriotiono and minimum energy performance
goalr. The management tool defines various levels of aggregation in
terms of (1) geographical boundaries, (2) end-use energy demand, (3)
bulldlng type oharaoteriatics, (4) conservation options, (5) renewable
energy and alternative fuel technologies, and (6) a limited set of
advanoed energy technology optlona.

Both a technical deaoription of (teohnioal completion report) and
a user’s guide to the prinolpal ❑odel components and operational
attributes of the oonstruoted DOD energy optimization ❑odol are
presently being prepared. Two key questions are briefly reviewed
within the oontext of’ preliminary results obtained from application of
the developed model to two AFLC installations: ( 1 ) the geographical
distribution of military oonatruoti.on dollars under a set of budgetary
and energy performano8 oonstralnts; mnd (2) tha aeleotion of’ ●orgy
supply technologies--oonventiona 1, ctonservatzon, renewable, and
advanoed-- thmt simultaneously-—- ❑eet demand at least oost ●nd sntisfy
~a set of oonflioting energy ●nd budgetary goals. Temporal aapeota of’
,the problem are handled on ● year-by-year basis, with information from
‘a previous year’s “optimalm investment ●nd ●asoclatod ●nergy aavinga
inoluded in emoh suooeeding yeartr deoiaion oriteria. Benof’itm and
‘oasts of’ tho budgetary and energy ●llocation results are evaluated ●s
~~lart of the nllooation decisions.

1. INTRODUCTION

11.1 Background

The Department of Defenao (DOD) has adopted ●n ●mbittoum program,
,oalled thti Military Con8truotlon Program (MCP) to reduoo eneray
,oonaumption at fixad faoilitiea, to oonvert existing boilora from
I -.



petroleum-based fuels to ooal and ooal-derived products, and to adopt
advanced and renewable energy technologies for DOD installations as
they become technically ant! economically feasible. These---
technologies include coal and nuclear power generation facjlitiem ●s
well aa many non-ooventional teohnologiee. Executive and DOD wide
❑emorandums have been published that establish energy ❑anagement goals
and objectives. These goals and objectives are designed to en8ure
continued progr~ss in the ●doption of conservation and renewable
technologies. With the advent of an increa84.,~g number of conservation
options and renewable energy technologies, important and key
programmatic deciaionJ ❑ust be ❑ade concerning the optimum all, :ation
of limited resources (dollars) for energy research and development (R
& D) and the ❑ilitary construction program (PICP).

A study waa funded to develop a ❑anagement tool capable of
providing information concerning the optimal disbursement of available
funds to asaist the military services In efficiently allocating fund~
for enq?g~ conservation and the adoption of renewable and advanced
techrologiea. The study has been funded ●qually by three military
aervioea: the U.S. Army, represented by the Offio8 of the Chief of
Engineers; the U.S. Navyl represented by the Civil Engineering
Researoh L&boratory; and the U.S. Air Forcet represented by the Air
Foroe Engineering and Servioes Center. The Air Force has served as
the lead service. The ❑anagement model was applied to two of the Air
Force Logistics Command Installations. The developed tool la equally
applicable to all inatnllationa of the three servioes.

1.2 ObJeotive

The ob,jeotive8 of the study were three-fold:
“, I

(a) Develop an optimization tool for the efficient allocation of
military oonetruation dollars among ● variety of technologies and
❑ilitary installations;

(b) Define Lhe requirgd load and resource data needs to support
,the optimization tool; ●nd
I

.’ (01 Prepare a oomplete, self-contained optimization packnge, to
inolude needed dooumentatlon, for u.le by the military servioea.

-,
These three ntudy obJeotivea were further restated to Includ@:

. .
(d) A aet of oomrnon energy demmnd and supply assumptions for use

. by tho optimization tool; ●nd
I

(e) The needed funotiona or relationships that will allow easy
regionalization of the default (base ease) assumptions. Both (d) ●nd
,(8) uere neooasary Lo ensure that an operational model would be
klelj,vmred to the threo military aervioes.
I
1.3 ?rinoipal Queation8

1
The study requires development of a management tool whiah allows

for an effioicnt ● llocation of limited budget dollmra in both- -- - - - -, .-
enewable and advanoed energy technologies and energy conservation

F

ptione aorosa ● ll military baaea. The modql oan also be used to
llooate funds within a given baa. or region. Two prinoipal ●nd

1’..
istinot questions whioh the management tool oan help answer ●re:

-.



—

!-,
,, .’! 1’’!’! ,, I i,.”! !:

(a) What is the maximum energy savings that can be achieved for a
given budget constraint (MCP dollar limitations, for example}? and

(b) What is the ❑ inimum cost cf achieving a specifiel’ level of
energy savings (goals and tar~ets)?

,,
These ques~ions are interrelated. Fir’ example, the ❑inimization

of capital costs (MCP investments) will be subject to the same energy
savings goals and targets that aerva to govern the selection of
technology options under the ❑aximization of energ~ savings criteria.
Although the former questi~n underlies ❑ost of the ❑ilitlryma activity
in both evaluating and programming energy saving projeots, It la the
second question that ❑ ore nearly addresses the ❑ilitary’s ability to
reach the energy use posture set forth by recent policy statements.
Both questions play a koy role in the final formulation of the
management tool.

1.4 Outline of the Report

The remaining sections of the paper provide~ a technical
description of the completed management tool, Section 2 presents a
basic overview of the developed ❑anagement ❑odel itself. The nvervieti
provided in sectj.on 2 is designed to be adequate for a good general
understanding of the ❑anagement tool.

Its structure, capabilities, and general data requirements are
eddressed. Seotion 3 provides an illustration of the use of the
management toolfor two AFLC bases. Geographic and technological
components of the solution ara> briefly reviewed, with differences
between the two bases noted. : Future extensions of the DOD energy
optimization model are also di:rcusaed, as are some of the limitations
t.o ita use. $

2. MANAGEMENTMODEL OVIIRVIE!i

2,1 Structure

The energy management model that has been developed results in
the optimization of ener8y supplieu given a well defined ener&y ~se

,goal, The basio struoture cf the ❑odel is portray~d in Fig. 1. The
left-hbnd porti~n of Fig. 1 defineo tns pre-processor portion of the
❑odel. One result of’ thi!~ portion of the model IS the specifloation
or characterization of tha phyaicnl ard economio porformanoe of eaoh
supply alternati~e (nor~ve,ltional, oonscrvation and ndvanoedlrenewable
energy auppliea). The other result 1s tho speoifloation of R aet of”
demand ooeffioienta for aaoh of ten building types and five energy
end-uses. Th6 building :ypes. energy end-usoa, conventional fdela ●nd .
alternative energy opticns developed for use in this study are linted
in Table 1. The demand and supply information iB used to generata an
input file for the linear programming (LP) model. The optimal ‘
solution(a) to the li~~emr objeotive funation is used to defino the
optimal set of energy tiupplieu. Thle set of energy supplies meet the ‘
annual energy demanda t:If the bases given the energy goal. The met of
energy supplies are oonaleant with the constraints imposed in tho LP
seotion of the management tool. (



The right-hand side of Fig. 1 defines the post-processor portion
of the energy management model. This segment of the ❑odel uses both
the inputs and outputs (optimal solution) of the LP computer approach
to construct a series of tables which highlight the model’s results.
These tables are an integral part of the interpretation of the optimal
Solution(s) .

The information In these tablea In also used to define a new
starting point for the second (or later) year of analynla. In this way
the management tool is transformed from strictly a static LP model
into a tool with dynamio properties. The first year starting point 19
defined with all energy demands being met through conventional energy
sources. The first year’s solution contains both conventional and
alternative energy sources. The first year’s aolutionserves as the
starting point in year two and so on.

The ❑anagement tool in its entirity Is a ~eries of data files and
FORTRAN computer programs coupled with a linear programming (LP)
computer package. The data files and programs are displayed and

documented In the lgrger technical completion report and companion
user’s guide (previously referenced). The remainder of this section
will be devoted to an examination of the demand, supply, accounting,
bounds and constraint components of the ❑odel.

2.2 Components

Demand - The energy used in any set. of buildings with similar—.
funotions on a base is defined as that building type’s demand for
energy. This demand has been segmented Into five categories of energy

, end-uses (see Table 1). In general, the do.tiand for energy exhibjted
by any set of bulldingn la either measured or $atlmated. For tne
purposes of thin study it was necessary to estimate the demand
component of the model because only minimal ❑etering data is available.
Generalized demand ooeffloienta were esti~ated using energy alldit-.
icformatlon derived from previous studies of U.S. Armj bases. Th9se
coeffioienta were defined for seven building types and five energy
end-uses. Informed judgement was used to expand the number of
building types to ten. This set of’ ooefficienta represents the average. .
energy use per square foot of building floor spaoe. The electrical
!snd-uses are measured in tiilotiatt hours (kwh); the non-elecitrioal. .
end-uses are measured in British thermal units (Btu).

_Aboeffioienta ~re then
The generalized

oombined with info~matlon on the building

I

nventory (ft of floor spaoe] to estimate the total energy demand
-, y eaah energy end-use oategory for eaoh building type.

1 Complete reoords of the fuels and electrtatky purohased (both
‘“ hyaioal quantities and dollars) over the paat yearn exist. These

[

uel purohuse reoords ape used to adjust the generalized dema~d
oeffioientu suoh that the energy demand estimate oolnoides with the

mnergy that was aotually purohaaed. These adj{!sted energy demand
ooef’fioients beoome one input to the DOD energy optimizatio~ LP model

!
tself.

w- Flve conventional fuel types are used in this study
(see Table 1).

I

The base fuel purohaslng reoords mentl~~ed above nre
sod to establish the proportion of energy demand that la presently
et by eaoh type of conventional fuel. This proportion is ansl]med to
e oonstant for all building types. The baae apeoifio ad~usted energy

I . . — .+ .–.- ----- -.
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demand coeffioienta, building type Inventory, and fuel type
plsoportions are combined to provide an estimate of the amounts of each
conventional fuel presently being supplied to every building type. The
use of the adJuated energy demand coefficients insures that the total
energy demanded by a baae will be exaotly equal to the energy supplied
(purchased). The price of’ each fuel In conjunction with estimated
fuel use is used to caloulate the cost of fuel for eaoh building type.

Conservation ❑easures are defined in this study as an alte:’native
●nergy supply becauae, when properly implemented, conservation
measures offset or satisfy the demand for energy in the same way that
the use of conventional energy does. The generic conservation optlona

included are llgted in Table 1. A ❑ ore detailed examination of the
conservation performance and cost estimation procedure, with
documentation, can be found in the two previously cited reports.

The generic conservation measures adopted for thla study were
judged to be those that have relatively high energy savings potential,
reasonable payback periods, and those that are geni!rally &;plicable to
most building types (Table l.). These conservation measures represent
a subset of meas~res for which generalized phyalcal and economic
charccterizationa oould be developed. The generic conservation
❑ easures fall lnt.o specific pro.jeot categories developed by the
Department of Defense for use In planning energy conservation retrofit
proJects f’or ❑ilitary use installations.

The physical performance and cogt of the generic energy
conservation measures were estimated through the use of equations and
‘base ease coeffloientsw that employ climatio parameters. The actual
development of the baae speclflo coefficients Is presented in the two

previously cited reports. Typical building profiles, current energy
consumption, and overhead and 1,.”of’it determination were in~orporateti
into the equation (ooef’ficier,t) esti~at!.on procedure. The energy
savings (both eleatrioal and fuel) and the development of the oost
equations were speoiflo to each generio oonscrvation measure. Eaoh
measuro involves a series of assumptions that wnre necessary in ordor
to derive the genernllzed equations used to regionalize physloal

‘ performance and eoonomio oosta. The assumptions were defined by
‘oareful examination of the available literature on building profiles

“ f~~ ❑ilitary basea and through the use of informed judgement.
I

There are n~merous ●lternative methods of supplying energy. The
‘broad groupings or categories considered in this study are listed in

‘~Table 1. Specif’lo alternative systems or methods were ohosen after a
careful aearoh of the relevant literature. When mul:iple or duplicate

‘lsyst.em~l were found, one representative system waa chosen. Pertinent
Information from the literature was used to oonstruct the ‘base oasew
~physioal performanoc and the eoonomio oost of eaoh system used by the

rooessor to develop base speoifio ooefficientn. The regionalized
~~~~;!floients were ba&ed upon olimatia and conatruotion oost Index
Iparameters mpeoifio to eaoh base (addressed below). More detail on th~

‘coefficient development prooesa oaii be found in the two previously
I@tLad report**

I
I Onoe a set of alternative ayatems has been speoified, two subsets
must bm identified. The first subset is the group of alternative
energy systems for whioh performance is not related to the location

lof the ~ystem.
.——-

An example of thin tvDo of avstem im m ntlnlmmv nnumv



generator. The second subset is the gr>up of all systems for which
the performance ~ related to the system’s specific location. An
example of a system in thin subset is a solar hot water heater. A
series of regionallzation equations (dependent upon baae ollmatic
conditions) were derived for the second subset of systems so that the
performance of the system could be estimated for each base.

The coal combustion technologies exhibit re~iofial cost differences
which are a function of tho sulfur content of the coal and the air
pollution control requirements. These considerations are included in
the regionalization procedure(s) Ail ~yatem costs are corrected for
regional differences by usa of appropriate construction cost Indioes.

Some of the alternative energy ~ystems considered in this study
are building specific; an example of’ this type Is a flat plate solar
collector used to heat c building. This system is physically attached
to the building. Buildingu for which such a system Is appropriate ❑ust
be specified. This wan done with some knowledge of the average aizea
of buildings In eaoh .of the functional uae or building type
categories. Systems that are not buildin~ specific are tho~e which
supply some form of energy to the ‘grid’. Energy can be supplied to
any building type from the grid. An example would be a large wind
generator. The end result uf the regionallzatlon procedure Is a
specification by building type (or grid dealgnatlon) and by alternative
energy option of base-apecifio physical performance and economio cost
characterization.

Accounting/balancinq- The notion of the accounting and balancing
relationships in the LP portion of the energy ❑anagement model allows
for the tracking and apeclflaatlon of key characterlatioa in an
optimal solutian. Aapacts of an optimal nolutlon Include the total
fuel savings, the types and ‘productionn levels of alternatives to
conventional fuel use that accompllah these fuel savings, the level of
remaining ounventional fuel, the oost(a) of implementing an optimal
solution and the net benofltn of that solution. The accounting la
performed on both a regional and national level.

Thr valhe of the aooounting variablea 18 that they aumuarize the
information used by the po8t processor portion of the management
model. The information 18 alao used to evalute “auooesa~ in meeting
energy use goals. Energy use is summed by alternatlvo energy supply
,for eauh military category. Thus, it 18 a relatively eaay task to
caloulate the proportion of total energy demand supplied by each of
threa oategorlea; oonservatlon, solar, and coal. The accounting
variables ar~ alao used to verify that energy demands and supplies are
equated in the optimal aolutior~. As with the prevloua oomponcnts
greater detail on the ●ooounting and bmlanoing relationships can be
found in the two previously oited reports.

Con~traintn and ob~eotivea - The oonatraintn and objeotivna of—— —- —..— —..—.—
the management ❑odel are defined in ❑any waya. The equation which
governs the tolution of the LP formulation is generally referred to ●a
the objeotive function. It 1s this objective funotion that 18
bptimized in the LP portion of the model. One possible objeotive
$urotion in tha energy aavinga aquation. Eaoh alternative to the
~onventlonal energy supplies oontributea to the value of the energy
saving funotion (equation) through offset fuel use. When the queetion
to be addreaaad is the maximization energy aav:ngs, the solution



represents the ❑aximum enersy savings attainable given the specified
constraint. The LP portion of the management tool can also be used
to optimize other obJective funotions. For example, one possible
specification of the LP objective function is the minimization of cost
subJect to energy conservation targets. The solution to this problem
represents the most economical way of achieving cert~in conaorvation
goals. The solution will always be optimal; that la the maximization
or ❑inimization of some function subject to a aet of constraints will
be the be~t pozslble answer to the given question.

There are three types of constra4.nts in the LP portian of the
❑odel; energy targets or goals, Fonetary or budgetary, and physical.
Energy target constraints are ‘~sed to specify the proportion of energy
which ❑ust come from a designated energy sou:ce or supply option such
as solar or wind. Monetary constraints generally define the upper
limit of capital expenditures, operation and maintenance expenditures
or both. The physical constraint are used to guarantee that the
activities included in the optimal solution are possible. For
exnrnple, the square fo?tage of solar roof collectors chosen for
specific building types cannot exceed some reasonable proportion of
the average roof size for that building type. These physical
constraints are used to define reasonble ‘technical fit” limits for
the optimal aoluticn.

Bourd3 on sugg~y activities - The supply activities are----- ----- -- ------ --- ----
“bounded’f to insure that the activity levels in an optimal solution
are reasonable. Conventional supplie% are bounded so that no ❑ore
than the base year amount of conventional energy Ia allowed
(conventional energy use must not exceed base year purchases). The
conservation activities are bounded so that only reasonable levels are
allowed in any building type in the optimal solution. Building
specific systems are bounded by reference to the number of buildings
which would be available on any given base. As with the other ❑odel
components information on the bounding procedures can be found in the
two previously cited references.

~ynamio aspeota of the model - The LP portion of the ❑odel------ ------ --- --
provides for a single year or a multi- period optimization of the

objeotive function subJeot to a ser.’.es of constraints. The overall
management ❑odel is dynamio in the uenae ;hat the noltuion for year
one can be used to define the starting point in year two; the seoond
year solution can be used to define the starting point ill year three
and so on. i’his process oan be used to exercise the management ❑odel
for 2,5, or ❑ore years. The previous years solution(s) ‘./111 always be
incorporated into the definition of a new starting point for the
subsequent year.

This dynamio procedure ooours In the peat-processor.
I

Figure 1 18
an aoourat. representation for a one yenr solution of the ❑odel. To
~i~ture a tw~ or more year Bolutic)n sequenoe the post-prooessor IB
~onneotod to the input data sets that ● re in turn used by the LP
~OrtiOn of the model in redefining the alternative energy aotlvltiea
pxisting at the beginning of year two cr >ubsoquent years. Some of the
+ccounting relatictnshipa and bounds cre alao modified in the dynamio

Y
rocedures of the post-prooessor.

IJb PRELIMINARY RESULTS AND CONCLUSION
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For illustrative purposes the management model was exercised for
two military bases, one in the Rocky Mountain region and the other In
the Southwest. The objective function that was used for this example
was the ❑axlmizatian of total fuel savings given a ten million dollar
❑ilitary construction budget. The illustrative results presented here
include an examination of the alternatives to conventional fuel use
selected by the management ❑odel and distribution of the construction
budget between the two bases. , , ,, ~1

Over seven million dollars worth of conventional fuels were
replaced by conservation strategies and renewable energy options in
this example. The replacement pattern was different for each base, as
was the distribution of the construction budget. The first base had
relatively low electricity rates. Very few electricity uses were
replaced while the more expensive fossil fuels were entirely replaced.
The conservation strategies which reduced demand were heating,
ventilation and air conditioning system improvements a~d lishtin~
control atrategiea. These two replaced demand, for fuels and
electricity. The bulk of fuel replacement was accomplished by
Installation of a blomzss plant which suppljes thermal energy to the
base grid. These choices resulted In an energy savings on the first
base of about 4.5 trillion Btu’9 in year one.

The second base had relatively low coal and electricity prices.
These fuels were not r~placed. The mor~ expensive fossil fuels were
replaced by two conservation strategies, heating, ventilation and air
conditioning system improvements and lighting cont~ol option9. These
replaced both electrical and thermal enel dy derands. A biomass plant
was used to replace the rent of the thermal demand no longekl supplied
by natural gas, propane or oil. Approximately 1.1 trillion gtu’s was
saved on the second base ttirough the use of these alternatives.

The pattern of conventional fuel replacement depends on the
relative prices of’ the fuels. The most expensive fuels are always
replaced first. Military bases pay very little for electricity; unlike
civilian consumers, so electriolty Is the last fuel to be replaced.
The pattern of substitution also depends on costs. In this case the
oost per Btu replaced in the figure of interest. The alternatives
whloh add the ❑ost to the fuel savings function while contributing the
least to the construction budget are the ones which appear in the
optinial solution. Thie relationship helps to explain the differences
between solutionB for ba~e one and base two. Lighting system
improvements in hangerB appear in the solution for base one while they
appear in all non-residential building categories for base two. This
result undoubtedly refleots relative prices or costs between the two
bases. The biomass plant for base one 18 about twice the size as the
one for baae two; ainoe ooal is a relatively cheap way to supply
thermal energy on base two, full replacement was not attractive so the
biomaas plant In the aolutlon IS small.

The preliminary results presented here are very limited in nature.
The techniaal completion report Includes results for seven Air Foroe
Logistics Command banes. A series o? different objective functions “
are evaluated. These inolude maximization of fuel savings and
mlnjmlzation uf a construction budget given specific energy targets. ‘
The Impaot of the ‘technloal’ fit constraint Is tested along with
other physical oonstralnts. Sensitivity analys”s is conducted to test
the degree of the impaot of such parameters as fuel escalation rates.



The full model entailg & five year optimization, each year’s solution
being Incorporated into the problem definition for the next year. ‘
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